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Abstract 
 
In order to increase the critical current density of high temperature superconductors, it is commonly employed to disperse non-
superconducting particles as flux pinning centers into the superconductive matrix.  For Y-Ba-Cu-O bulk superconductors 
Y2BaCuO5 (Y211) phase particles are known to be effective pinning centers.  It has been proposed that magnetic particles are more 
efficient pinning centers, since they will have a stronger positive interaction with quantized fluxoids.  A combined addition of Y211 
and magnetic metal fine powders has been reported to be effective in improving flux pinning performances.  Therefore, in this 
study we aimed at improving the pinning forces of Y-Ba-Cu-O bulk superconductors by introducing the Fe-Al-Si-based alloys that 
are ferromagnetic.  We also studied the effect of the addition of Ȗ-hematite, which is non-magnetic, in order to compare the 
contribution to the flux pinning enhancement.  For comparative study, we measured the trapped field in single-domain bulk 
superconductors and found that a small addition of Fe-Al-Si based ferromagnetic powders and Ȗ-hematite improved field trapping 
ability. 
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1. Introduction 
 
   In Type II superconductors, at the fields above the lower critical field (Hc1), the external field can penetrate into the 
superconductor in the form of quantized fluxoid, which is called the mixed state.  When the currents are passed along 
the superconductor in the mixed state, the fluxoid will move due to the Lorentz force, and resistivity appears, which is 
known as a flux flow resistance [1].  This shows that zero resistance cannot be achieved in normal type II 
superconductors.  When the superconductors contain normal conducting particles in the matrix, the fluxoids are pinned 
by these normal regions, leading to the zero resistance, which is known as flux pinning effect.  When the Lorentz force 
exceeds the flux pinning force, the resistance again appears.  Hence the superconductors have the maximum current 
density that can be transported without resistance and known as the critical current density (Jc).  The Jc values are 
structure sensitive parameter and can be enhanced by dispersing effective pinning centers in the superconductive 
matrix.   
    In the case of Y-Ba-Cu-O bulk superconductors, normal conducting particles of Y2BaCuO5 (Y211) are commonly 
used as pinning centers [2].  Since the quantized fluxoids are magnetic, ferromagnetic particles may have stronger 
positive interaction and thus may function as more effective pinning centers.  Due to this fact, a combined addition of 
Y211 and magnetic metal fine powders has been studied and in fact the improvement of the flux pinning performances 
has been reported [3].  However, most studies deal with small samples and the critical current characteristics have 
been measured in small blocks using a SQUID magnetometer.   
    In the present study, we studied the effects of Fe-Al-Si based ferromagnetic alloy additions on the field trapping 
abilities of bulk Y-Ba-Cu-O.  The trapped field properties reflect the flux pinning performances of the entire bulk 
samples. 
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2. Experimental procedure 
 
    For sample preparation, we mixed YBa2Cu3O7-į (Y123) and Y2BaCuO5 (Y211) powders in a molar ratio of 10: 4 
and further added 1 wt% of CeO2 to avoid coarsening of Y211 particles.  Then the Fe-Al-Si alloy powders were added 
to the precursor powders in the amount of 0, 0.02, 0.04 , 0.08, and 0.12 wt%.  For comparison the Ȗ hematite powders 
were also added to the precursor in the same amount as the Fe-Al-Si alloy powders.  The mixed powders were pressed 
into the pellets of 20 mm diameter.  The compacted pellets were then subjected top-seeded melt-growth (TSMG) 
process, the details of which are described elsewhere [4].  The samples were then oxygen annealed at 673K for 100h 
in flowing oxygen. 
    The TSMG-processed Y-Ba-Cu-O samples were first observed with optical microscopy for visual inspection, and 
then subjected to magnetic characterization.  The trapped field measurements were conducted by magnetizing the 
samples using a 0.5 T Fe-Nd-B magnet. The samples were cooled to 77 K by liquid nitrogen in the presence of the 
magnetic field of the Fe-Nd-B magnet.  After reducing the magnetic field to zero by removing the magnet from the 
sample surface, the trapped fields were measured by scanning a Hall sensor two dimensionally above the sample 
surface at certain gap. 
 
3. Results and discussion 
 
3. 1. Microstructure 
 
     Figure 1 presents the surface morphologies of TSMG-processed Y-Ba-Cu-O samples.  One can see that almost all 
the samples are single domain in that grains are nucleated from the seed and extended toward the edge except for the 
samples with 0.12wt% additions.    
     These results show that the addition of Fe-Al-Si alloy powders or Ȗ hematite did not inhibit the grain growth of 
Y123 superconducting phase, when the added amount is small.  This fact is critically important for future engineering 
applications.  If the addition of these powders had detrimental effects on the grain growth, these additives are not 
suitable for engineering applications even when the local flux pinning properties are improved.  An improvement of 
flux pinning performance can be achieved with the addition of foreign powders, however, they often inhibit the grain 
growth.      
 
                 
(a)                                                       (b)                                                    (c) 
 
              
(d)                                                        (e) 
 
Fig. 1.  Surface morphologies for TSMG-processed Y-Ba-Cu-O: (a) no addition; (b) Fe-Al-Si 0.02wt% addition, (c) Ȗ-hematite 0.02wt% addition; 
(d) Fe-Al-Si 0.12wt% addition; (e) Ȗ-hematite 0.12wt% addition.  The samples (a)-(c) are single domains, while some distortion in the grain growth 
morphology is observed in the samples (d) and (e). 
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     However, some distortion in the surface morphology is observed when the addition amount reached 0.12 wt% for 
both Fe-Al-Si and Ȗ-hematite as shown in Fig. 1 (d) and (e).  Thus the addition amount should be lower than 0.12 wt% 
for both powders from the viewpoints of the grain growth.  It is probable that some reaction with the superconducting 
phase occurred in these samples. 
 
3. 2. Trapped field measurements 
 
     Figure 2 shows the trapped field distribution for the samples whose surface morphologies were presented in Fig. 1. 
One can notice that trapped fields exhibit a single peak for all the samples, even for those with 0.12 wt% additions that 
exhibited some distorted surface morphologies, although the trapped field values are small.    
 
     
    (a)                                                                      (b)                                                       (c) 
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Fig. 2.  Surface morphologies for TSMG-processed Y-Ba-Cu-O: (a) no addition; (b) Fe-Al-Si 0.02wt% addition, (c) Ȗ-hematite 0.02wt% addition; 
(d) Fe-Al-Si 0.12wt% addition; (e) Ȗ-hematite 0.12wt% addition.  
 
      Like surface morphology observations, the results of trapped field measurements showed that the samples were 
grown in single-grain with TSMG process even when we added 0.02 wt% of Fe-Al-Si and Ȗ-hematite powders.    
Single grain nature of the trapped field confirms that the samples do not have any appreciable macroscopic defects, 
which is in good agreement with the surface morphology observations already presented in Fig. 1.    
      In addition, the maximum trapped field of the sample without the additives was 1280 G at 77K, while those of the 
samples with additions of 0.02 wt% Fe-Al-Si and 0.02 wt% Ȗ-hematite were 1296 G and 1316 G, respectively.  Hence, 
the additions of these powders slightly increased the field trapping abilities and thus flux pinning performances of bulk 
Y-Ba-Cu-O.    
      The results of trapped field measurements for all the samples studied in the present experiments are summarized in 
Table 1.  Here one can notice that the improvement of the field trapping ability was only observed in the samples with 
0.02 wt% addition for both Fe-Al-Si and Ȗ-hematite powders.   
     With increasing the amount of additions, the trapped field values drastically decreased, implying the detrimental 
effects of the additives on the flux pinning characteristics.  Therefore, not only the grain growth morphologies, but 
also the superconducting properties of bulk Y-Ba-Cu-O were degraded by excessive additions of these foreign 
powders, which must be taken into consideration for practical applications.   
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In the present study, it turned out that the addition of magnetic powers was not so effective in flux pinning 
compared with non-magnetic powders, however, this fact does not deny the effectiveness of magnetic pinning centers.  
In order to draw definite conclusions, one needs to disperse magnetic particles that do not react with superconductive 
matrix phases. 
 
 
Table 1   
The maximum trapped magnetic field for TSMG-processed Y-Ba-Cu-O with and without additions of Fe-Al-Si  
and Ȗ-hematite powders 
 
sample maximum trapped magnetic field(G) 
pristine 1280 
Fe-Al-Si 0.02 wt% addition 1296 
Fe-Al-Si 0.04 wt% addition 452 
Fe-Al-Si 0.08 wt% addition 367 
Fe-Al-Si 0.12 wt% addition 260 
Ȗ́hematite 0.02 wt% addition 1316 
Ȗ́hematite 0.04 wt% addition 1200 
Ȗ́hematite 0.08 wt% addition 700 
Ȗ́hematite 0.12 wt% addition 750 
 
 
4. Summary 
 
In this study we sought for the possibility in improving the flux pinning performances of Y-Ba-Cu-O bulk 
superconductors by introducing magnetic Fe-Al-Si-based alloy particles as pinning centers.  We also studied the effect 
Ȗ-hematite addition, which is non-magnetic, in order to clarify the magnetic contribution to the flux pinning 
enhancement.  For the characterization of flux pinning performances, we measured the trapped fields in single-domain 
bulk superconductors produced with top-seeded melt-growth process.  We focused on rather macroscopic properties, 
since they are more important for practical engineering applications than local pinning performances that are obtained 
in a SQUID magnetometer.  It was found that these additives did not hinder the grain growth when the amount was 
less than 0.12 wt%.  We also found that the trapped fields were slightly improved through the addition of 0.02 wt% 
both in Fe-Al-Si and Ȗ-hematite, showing that these additives contribute to flux pinning enhancement.  However, 
direct evidence of magnetic pinning was not confirmed in the present study.  More controlled study will be required to 
clarify this fact. 
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